Follow this and additional works at: https://uknowledge.uky.edu/cam_facpub We studied the single-layered iridate Sr 2 IrO 4 with a scanning tunneling microscope. The finite low temperature conductance enables the electronic structure of this antiferromagnetic Mott insulator to be measured by tunneling spectroscopy. We imaged the topography of freshly cleaved surfaces and measured differential tunneling conductance at cryogenic temperatures. We found the Mott gap in the tunneling density of states to be 2 = 615 meV. Within the Mott gap, additional shoulders are observed which are interpreted as inelastic loss features due to magnons.
I. INTRODUCTION
Recently, there has been a surge of renewed interest in 5d transition metal oxides, such as the iridates. The electrons in these compounds are more spatially extended than in their 3d and 4d counterparts, resulting in a smaller Coulomb interaction (U) and a larger bandwidth (W). This should make 5d transition-metal oxides metallic; however, it is believed that the large spin-orbit coupling (SOC) in the 5d materials drives some of them insulating. The prototype of this spin-orbit-driven insulating behavior is the single-layered iridate Sr 2 IrO 4 .
Tunneling spectroscopy is the most direct method for probing a material's density of states. It is a single particle probe capable of measuring both occupied and unoccupied states. This is of particular interest for Mott insulators since their density of states is not well understood and often has contributions from multiple excitations. Sr 2 IrO 4 has been experimentally shown to be insulating for temperatures up to 600 K [1], due to the SOC parameter being large enough to allow the modest Coulomb interaction present in this material to open a Mott gap. The insulating gap has been previously estimated by angle resolved photoemission spectroscopy [2] (ARPES), optical conductivity [3] , and resonant inelastic x-ray spectroscopy [4] (RIXS) which have the limitations of only being able to probe occupied states, being a two-particle probe, and limited energy resolution, respectively. Thus, we use scanning tunneling spectroscopy (STS) to directly measure the Mott gap in this material. Since tunneling spectroscopy is mostly sensitive to the charge property of electrons, magnon excitations are rarely seen in tunneling experiments [5] [6] [7] . Interestingly, in the present study, the SOC in Sr 2 IrO 4 allows an anomalous magnon feature to be seen, which has also been measured in RIXS [4] , Raman spectroscopy [8] , and infrared spectroscopy [9] . Although we are the first group to investigate Sr 2 IrO 4 with tunneling spectroscopy, there have been subsequent studies [10, 11] .
Sr 2 IrO 4 has a tetragonal K 2 NiF 4 -like crystal structure as illustrated in Figs. 1(a) and 1(b) . The lattice parameters of this material are a = 5.499Å and c = 25.799Å [12] . The IrO 6 octahedra undergo a rotation about the c axis of approximately 11
• resulting in a reduced tetragonal crystal structure (space group I4 1 /acd). The Ir atoms form a fourfold symmetric layer with a nearest neighbor separation of a/ √ 2 = 3.888Å.
This material has five valence electrons to fill the 5d orbital. Crystal fields split this band into a lower-energy t 2g band and a higher-energy e g band. SOC then splits the t 2g band into the J eff,3/2 state that is filled with four electrons, and the more highly energetic J eff,1/2 state is half filled with the remaining electron. The effects of band splitting due to crystal fields and SOC are shown in Fig. 1(c) . The modest Coulomb interaction in the J eff,1/2 band forces this material into an insulating state [13] as shown in Fig. 1(d) .
Below the Néel temperature (T N = 240 K), canted antiferromagnetic order arises in the J eff,1/2 Ir moments of Sr 2 IrO 4 [14, 15] . The rotation of the IrO 6 octahedra and the staggered moment of | S 0 | = 0.307 [16] leads to a bulk ferromagnetic moment of 0.14 μ B per Ir ion [15] . It has also been reported that this material has additional magnetic ordering below T N with transition temperatures of ∼100 K and ∼25 K measured by bulk magnetometry and muon studies [17] .
Remarkably, even though Sr 2 IrO 4 has an insulating ground state, it maintains a finite, nonzero electrical conductance even at cryogenic temperatures [1], uniquely allowing tunneling measurements to be performed. Similar tunneling experiments have been successfully performed on other Mott-insulating, transition-metal-oxide systems such as Ca 3 Ru 2 O 7 [18] and Ca 2 CuO 2 Cl 2 [19] . In this review, we report measurements of the atomic-scale lattice structure and electronic structure of single crystalline Sr 2 IrO 4 using a scanning tunneling microscope (STM).
II. RESULTS
Tunneling measurements were conducted with a lowtemperature STM [20] . The STM was oriented vertically inside a cryogenic probe, allowing for in situ sample cleaving and exchange. High quality single crystals of Sr 2 IrO 4 were oriented such that the c axis was parallel to the STM tip. The samples were cleaved in situ by breaking off a small rod that was attached to the top of the sample.
An atomically resolved topographic image of the sample surface is presented in Fig. 2 and was acquired using an electrochemically etched tungsten tip. The image was obtained with a constant tunneling current of I set = 600 pA at a sample bias voltage of V bias = 450 mV. A square grid of atoms is visible with an atomic spacing of about 4.0Å which is Tunneling spectra were obtained by modulating the sample bias voltage and measuring the differential tunneling conductance with a lock-in amplifier at 77 K (Fig. 3 ) and 4.2 K (Fig. 4) . For spectroscopy, we used an intentionally blunt gold tip to spatially average the measurement [21] . The high-temperature tunneling spectra (77 K) displayed as a solid red curve in Fig. 3 have a small density of states at the Fermi energy (V bias = 0). The spectra have rough symmetry between positive and negative energy. Away from the Fermi energy, the density of states rises and has a pair of prominent peaks indicated by solid triangles. The Mott gap was estimated from the dI/dV spectra at 77 K to be 2 = 615 meV and was determined from the fits (dashed line) which will be discussed in Sec. III.
Inside the charge gap additional shoulders, indicated by hollow triangles, are present. Since there is rough particle-hole symmetry and we did not observe any dependence on position, these features are unlikely to be caused by impurities. We interpret these shoulders as an inelastic loss feature due to a single magnon. Since the particle-hole asymmetry is attributed to the charge gap, we define the function g as the even component of the dI/dV spectra [5] . Thus, the energy associated with this magnon is 105 meV as estimated from the peak position of the dg/dV spectra (blue) shown in the inset of Fig. 3 . This value is in good agreement with the one from the calculated magnon density of states of Sr 2 IrO 4 (light gray).
The low temperature tunneling spectra (4.2 K) are shown in Fig. 4 . The density of states is clearly suppressed at the Fermi energy and rises away from zero bias. Both the Mott gap and single magnon (not shown) were also observed at low temperature with no obvious temperature dependence in this range. For small voltage bias (|V bias | < 50 meV), additional slightly asymmetric features which are completely suppressed at high temperature appear. In an analysis similar to before the derivative of the function (g) was extracted from the STS and is presented in the inset of Fig. 4 . Bulk magnetometry and muon spin relaxation show changes in magnetic order at roughly 25 and 100 K [17] . We interpret the peak at ∼15 meV (Fig. 4 inset) to be related to the magnetic ordering below 25 K [22].
III. ANALYSIS
The broad peaks in the high temperature differential tunneling conductance in Fig. 3 were fitted (dashed line, separate fits to peaks above and below Fermi energy) using the standard tunneling formalism [23] and the density of states of the half-filled, one-band Hubbard model on a square lattice [16] :
where t, c † i,σ (c i,σ ), and n i,σ are the hopping integral, creation (annihilation) operator, and number operator, respectively, for electrons at atomic site i with spin σ . Within the Slater meanfield approximation, the differential tunneling spectra can be expressed as [24] 
where and are treated as fit parameters.
From the fits to the STS, we infer the size of the insulating gap to be 2 = 615 meV. In addition, we were able to estimate the magnitude of the single-particle gap parameter, within the Slater approximation, to be 2 = 4 3 U| S 0 | ≈ 800 meV, where U ≈ 2.0 eV and | S 0 | = 0.307 are, respectively, the on-site Coulomb interaction and staggered magnetic moment [16, 24] . Although the size of the gap measured through tunneling spectroscopy is smaller than expected within the Slater approximation, it is consistent with the ARPES result, 2 ≈ 560 meV [2] . Also, the results from both RIXS [4] and optical spectroscopy [3] are roughly 400 meV, which is smaller than the value we measured in this study.
Likewise, we infer the broadening parameter ( ) to be 44.7 meV (54.6 meV) from fitting the peak at positive (negative) bias which is much larger than expected. As a result the width of this gap feature at 77 K is not solely due to thermal excitations. We interpret this broadening as evidence of electron-electron correlation, which is not captured by the Slater mean-field approximation. Conversely, the peak in the density of states is narrower than expected from results obtained within the dynamical mean-field approximation to the one-band, half-filled Hubbard model on the square lattice [25] . Thus neither the Slater nor dynamical mean-field approximations fully describes the underlying physics of Sr 2 IrO 4 .
As discussed above, shoulders are observed inside the Mott gap which we interpret as a single magnon. Its magnitude is estimated from the peak position of the tunneling spectra (blue) shown in the inset of Fig. 3 to be 105 meV. We were able to determine the magnon density of states (light gray) by summing the energy dispersion over the Brillioun zone [26] . The good agreement between the peak position of this calculation and our experimental results strongly support this single magnon interpretation. In addition, from RIXS measurements the magnon dispersion flattens around 120 meV creating a large increase in the density of states [4] . Similarly, the two magnon determined from Raman spectroscopy [8] is 240 meV and infrared spectroscopy [9] is 232 meV, which are roughly twice the value of the single magnon in Fig. 3 , and are thus consistent with the results in this study.
IV. CONCLUSIONS
We have examined the properties of Sr 2 IrO 4 with an STM. We were able to acquire atomically-resolved topographic images of the sample surface. We have measured the Mott gap of this material with tunneling spectroscopy to be 2 = 615 meV at 77 K, which is comparable to similar results from ARPES, RIXS, and optical conductivity measurements. We have modeled our results with the single-band Hubbard model and the Slater mean-field approximation. In addition, we saw a single-magnon excitation at an energy of 105 meV, which is consistent with magnons measured through other techniques. Also, we have observed a low-energy feature at roughly 15 meV that manifests itself at lower temperatures, which is likely due to additional magnetic ordering.
